It has been reported that one of the hyperthermostable aminopeptidases from Pyrococcus horikoshii exhibits hydrolytic activity toward short peptides and acyl-peptides (deblocking activity). In the genome database of P. horikoshii, two new open reading frames homologous to the hyperthermostable aminopeptidase of P. horikoshii were found. The two new genes for the proteins were cloned, expressed using E. coli, and characterized. The purified proteins gave a single band on SDS-PAGE corresponding to molecular masses of 42 kDa and 41 kDa respectively, and exhibited aminopeptidase activity, including deblocking activity. These enzymes are likely to exist as oligomeric structures at neutral pH. The optimum pHs of the two enzyme activities were in the range of 7.0 to 7.5, and the optimum temperatures for the activities were around 100 C. The enzymes exhibited low hydrolytic activity for peptide substrates longer than 10 residues. They were activated by cobalt and zinc ions. Their substrate specificities and activation factors are different. It was confirmed that P. horikoshii has three similar aminopeptidases with deblocking activity and that these enzymes appear to play important roles in hydrolyzing small peptides in P. horikoshii cells.
Pyrococcus horikoshii OT3 is one of the thermophilic archaea, and its optimum growth temperature is 98 C. In the genome database of P. horikoshii, a new thermostable aminopeptidase exhibiting hydrolytic activity toward peptides and acyl-peptides was found. 1) A similar enzyme has also been reported for P. furiosus.
2,3)
Its hydrolytic activity toward acyl-peptides was not high, but this aminopeptidase was named deblocking aminopeptidase (DAP).
2) DAP has been used for peptide sequence analysis at the N-terminus acyl-peptide. It can release amino acids from proteins and peptides modified with various N-terminal acyl-type blocking groups in addition to its aminopeptidase activity. The activity of this enzyme (DAPPh1) is not that of an acylamino acidreleasing enzyme 4) or a pyroglutamate aminopeptidase. 5) It has been reported that the sequence of the active region of aminopeptidase (AAP) from Aeromonas proteolytica exhibits high homology to that of DAPs. 6) Also, the Zinc ion-binding residues confirmed by structural analysis of AAP are conserved in DAPs. 7) In this study, we found two new open reading frames homologous to DAP (PH0519) in the genome database of P. horikoshii and examined the characteristics of the recombinant enzymes expressed.
Materials and Methods
Materials. The peptides and acyl-peptides were purchased from Sigma (St. Louis, MO) and Bachem (Bubendorf, Switzerland). The DNA primers were synthesized by Hokkaido System Science (Sapporo, Japan). All other chemicals and reagents were of the highest reagent grade commercially available.
Cloning and expression of a gene. A homologous gene was found in the genome database of P. horikoshii by means of a BLAST search. The genes (ORF PH1527; DAPPh2, PH1821; DAPPh3) encoding DAPPh2 and 3 were amplified from P. horikoshii genomic DNA by PCR. The sequences of the primers for DAPPh2 were 5 0 -GAAATCCATATGGAGGTGAGGAATATG-3 0 (upper primer, containing an NdeI cutting site, underlined) and 5 0 -AAGGATCCCGCCTCTTTTGGTCCTTACTA-GC-3 0 (lower primer, containing an BamHI cutting site, underlined). Similarly, the primers for DAPPh3 were 5 0 -CTTAGCCATGGATTTAAAAGGGGGTGAAAG-3 0 (upper primer, containing an NcoI cutting site, underlined) and 5 0 -AAGGATCCTTCCCATCACGGAGTGA-AGTCC-3 0 (lower primer, containing an BamHI cutting site, underlined). The amplified DAPPh2 products were digested with NdeI and BamHI and then inserted into pET11a. Similarly, the DAPPh3 products were digested with NcoI and BamHI and then ligated into pET21d. The sequence of each inserted gene was confirmed with an LI-COR Mode LIC-4200L(S)-2 sequencer from Aloka (Mitaka, Japan). The recombinant plasmids were expressed in the host E. coli BL21(DE3) pLysS according to the method previously described.
4) The concentration * Present address: Rakuto Kasei Industrial Co., Ltd., 4-5-1 Sekinotsu, Otsu-shi, Shiga 520-2277, Japan y To whom correspondence should be addressed. Tel: +81-72-751-9526; Fax: +81-72-751-9628; E-mail: kazu-ishikawa@aist.go.jp of the expressed protein was determined by the Bradford method using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA).
Preparation of enzymes. Transformant cells were grown in 2YT medium (1% yeast extract, 1.6% tryptone, and 0.5% NaCl) containing ampicillin (50 mg/ml) at 37 C. After incubation with shaking at 37 C until the OD 600 reached 0.6-1.0, induction was carried out by adding isopropyl p-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM with shaking for 4 h at 37 C. The culture that contained each expressed enzyme was centrifuged at 3;000 Â g for 10 min at 4 C. The E. coli pellet was frozen and thawed, and then suspended in 10 volumes of 50 mM Tris-HCl buffer (pH 7.5). The suspension was sonicated and centrifuged at 18;000 Â g for 20 min at 4 C. The supernatant was heat-treated at 85 C for 20 min, and then centrifuged at 18;000 Â g for 20 min at 4 C. The supernatant was loaded to a HiTrap Q HP column (Pharmacia, Uppsala, Sweden). The column was washed with 50 mM Tris-HCl buffer (pH 7.5) and then eluted with a linear gradient (0-1.0 M NaCl in the same buffer). Enzyme fractionation was confirmed by peptidase activity. The concentrated material was loaded to a HiLoad Superdex 200 column (Pharmacia) and then eluted with 50 mM sodium phosphate buffer (pH 7.5) containing 150 mM NaCl. The purity and molecular mass of the enzyme were confirmed by SDS-PAGE. The purified enzyme was dialyzed against 50 mM Tris-HCl buffer (pH 7.5) and then its characteristics were examined.
Assay of enzymes. The peptidase activity of each enzyme was measured using peptides and acyl-peptides as substrates. The enzyme was incubated at 85 C with a substrate in 50 mM N-ethylmorpholine (NEM) buffer (pH 7.5) containing 100 mM NaCl and 0.5 mM cobalt chloride. The products released were measured by detecting the exposed -amino group using the cadmium-ninhydrin colorimetric method. 8) Activity was determined as the optical density at 505 nm using a spectrophotometer.
The activities of the enzymes at temperatures ranging from 60 to 110 C were measured using 2 mM Ala-AlaAla as the substrate in 50 mM NEM buffer (pH 7.5) containing 100 mM NaCl and 0.5 mM cobalt chloride. To determine thermal stability, each enzyme was preincubated at 98 C for 0, 30, 60, 90, and 120 min with the substrate in 50 mM NEM buffer (pH 7.5) containing 100 mM NaCl and 0.5 mM cobalt chloride. After heating, the enzyme was chilled on ice for 10 min, and then the remaining activity was measured by the standard assay procedure. The effect of pH on enzyme activity was examined using 2 mM Ala-Ala-Ala as the substrate at 85 C in 10 mM sodium phosphate (pH 6.5-7.6) and 10 mM NaH 2 PO 4 -Na 2 B 4 O 7 (pH 7.5-8.5) buffers containing 100 mM NaCl and 0.5 mM cobalt chloride.
To examine the effect of EDTA, the enzyme was incubated and processed at room temperature in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA for 2 h. After the enzyme solution was dialyzed against 50 mM Tris-HCl buffer (pH 7.5) at 4 C, enzyme activity was measured at 85 C in 50 mM NEM buffer (pH 7.5) containing 100 mM NaCl and 2 mM Ala-AlaAla as the substrate under the standard assay conditions. Analysis by HPLC. Molecular weights were determined by HPLC (Tosoh, Tokyo). HPLC was performed on a G3000SW column (Tosoh), and elution was carried out with 50 mM sodium phosphate (pH 7.5, 6.5, 5.5) and 50 mM acetate (pH 4.0) buffers containing 150 mM NaCl at a flow rate of 0.5 ml/min at room temperature. The proteins eluted were monitored by the absorbance at 280 nm.
Results

Identification and preparation of enzymes
In the genome database of P. horikoshii, 9, 10) we found two open reading frames (ORFs) encoding proteins homologous to DAPPh1 (PH0519) 1, 7) by means of a BLAST search. Here we designate the proteins from PH1527 and PH1821, DAPPh2 and DAPPh3 respectively (Fig. 1 ). DAPPh2 and DAPPh3 consist of 353 and 354 amino acids respectively. The identity of the amino acid sequences of these three proteins was over 35%. In another genome database of P. furiosus and P. abyssi, three ORFs homologous to DAPPh1, DAPPh2, and DAPPh3 were also found in P. furiosus ( Fig. 1) and P. abyssi (data not shown). Especially, DAPPh1 (PH0519), DAPPh2 (PH1527), and DAPPh3 (PH1821) exhibit high homology to Pf0369, Pf1547, and Pf1861 of P. furiosus respectively. The identity of the amino acid sequences in each pair was over 90%. Therefore, it is conceivable that Pyrococcus sp. has at least three kinds of similar enzymes. In addition, several DAP homologous ORFs were found in certain archaea and bacteria (Fig. 1) . Furthermore, these proteins exhibit some sequence homology to aminopeptidase (AAP) from Aeromonas proteolytica.
6) The identity of the amino acid sequences between DAPs and AAP was over 15%, and most of the putative amino acids contributing to the activity of AAP 6, 7) were also observed in the DAPs. The Zinc ion-binding residues (117D, 151E, and 152E) in AAP 6) and the Cobalt ion-binding residues (163D, 205E and 206E) in DAPPh1 7) are conserved. These residues correspond to 182D, 212E, and 213E in DAPPh2, and to 185D, 215E, and 216E in DAPPh3. From the genome database of Methanococcus janaschii, 11) an ORF (MJ0555) homologous to endoglucanase was also found to have high homology to DAP (Fig. 1) .
Induction of the recombinant proteins was performed by cultivating E. coli BL21(DE3) pLysS for 4 h at 37 C, following the addition of IPTG. Approximately 3 mg (DAPPh2) and 2 mg (DAPPh3) protein was purified from 2 liters of culture medium. The purified DAPPh2 and DAPPh3 each gave a single band on SDS-PAGE corresponding to molecular masses of 42 kDa and 41 kDa respectively. The molecular mass of both proteins determined by HPLC at pH 7.5 was approximately 330 kDa. Therefore, these proteins likely exist as oligomeric structures.
Characterization of enzymes
In this paper, D-amino acids are shown by the prefix (D-), while that of L-amino acids is omitted. DAPPh1, DAPPh2, and DAPPh3 exhibit peptidase and deblocking activities (Table 1 ). DAPPh2 and DAPPh3 exhibited extremely high peptidase activity compared with that of DAPPh1. For Ala-Ala-Ala, the k cat values of DAPPh2 and DAPPh3 were about 50 times higher than that of DAPPh1. The deblocking activities of these two enzymes were also higher than that of DAPPh1. DAPPh1 and DAPPh3 exhibited lower hydrolytic activity toward a dimer substrate than did DAPPh2. Abbreviations: DAPPh2, Pyrococcus horikoshii deblocking aminopeptidase 2 (PH1527); DAPPh3, Pyrococcus horikoshii deblocking aminopeptidase 3 (PH1821); DAPPh1, Pyrococcus horikoshii deblocking aminopeptidase 1 (PH0519); DAPPf, Pyrococcus furiosus deblocking aminopeptidase (PF1547);
2) Pf1861, Pyrococcus furiosus lysine aminopeptidase; 16) Pf0369, Pyrococcus furiosus putative ORF; MJ0555, Methanococcus jannaschii endo-1,4-beta-glucanase; 11) Hma TET, Haloarcula marismortui tetrahedral aminopeptidase; 15) Llac pepA, Lactococcus lactis glutamyl aminopeptidase; 15) Apr AAP, Aeromonas proteolytica aminopeptidase (AAP). 6) Crosses indicate the amino acids that are putative metal binding residues, and asterisks indicate the putative active sites.
hydrolyzed by any of the three enzymes, as observed for the other DAPs.
2) The lower activity of DAPs for acylpeptides than for peptides (Table 1) suggest that these enzymes are sensitive to the N-terminus of the peptide substrates. The other characteristics of deblocking aminopeptidase in DAPPh1 1) were also observed in DAPPh2 and 3 (data not shown). The substrate specificity of these enzymes is completely different from that of D-aminopeptidase from Orchrobactrum anthropi.
12,13)
For a long peptide chain, a little activity was observed ( Table 1 ). The pH-dependency of the activities was examined. The optimum pH for the both enzymes was determined to be in the 7.0-7.5 range (Fig. 2) . Also, the optimum temperature for the activities was around 100 C, and over 70% of the activity remained after heat treatment at 98 C for 2 h (Fig. 2) . Amastatin is one kind of inhibitor of aminopeptidase A and leucine aminopeptidase.
14) The activities of these enzymes were inhibited completely by amastatin (data not shown). The same result was observed for DAP from P. furiosus.
2) These enzymes were also inhibited by EDTA (Fig. 3) . Their activities were dependent on Zn and Co ions (Fig. 3) . On removal of metal ions with EDTA, the activities of DAPPh2 and DAPPh3 toward Ala-Ala-Ala decreased to 20% and 90% respectively. Both activities recovered to about 100% on the addition of 0.5 mM CoCl 2 . On the addition of 0.5 mM ZnCl 2 , however, the activity of DAPPh2 recovered to 100%, but that of DAPPh3 did not. On the addition of both 0.5 mM CoCl 2 and 0.5 mM ZnCl 2 , the activity of DAPPh3 did not recover, but that of DAPPh2 recovered to over 100%. Table 2 shows the Co and Zn ion dependency of the substrate specificities of DAPPh2 and DAPPh3. The activation and inhibition ratios were dependent on the substrates. Some of the activities were inhibited completely by adding both Co and Zn ions.
Oligomeric structure
On gel filtration by HPLC at pH 7.5, the main 
À1
The hydrolytic reaction was measured at 85 C in 50 mM NEM acetate buffer (pH 7.5) containing 0.1 M NaCl and 0.5 mM CoCl 2 . The data for DAPPh1 are quoted from a previous report. A, Effect of pH on the hydrolytic activity of DAP toward Ala-Ala-Ala. Hydrolytic activity was measured at 85 C in 10 mM sodium phosphate buffer (pH 6.25-7.50) and 10 mM NaH 2 PO 4 -Na 2 B 4 O 7 buffer (pH 8.00-8.50) containing 0.1 M NaCl and 0.5 mM cobalt chloride. The assay was performed for 10 min. B, Effect of temperature on the hydrolytic activity of DAP toward Ala-Ala-Ala. Hydrolytic activity was measured at 85 C in 50 mM NEM acetate buffer (pH 7.5) containing 0.1 M NaCl and 0.5 mM cobalt chloride. C, Effect of heating on DAP activity. A sample of the enzyme (0.5 mg/ml) was incubated at 98 C in 50 mM NEM acetate buffer (pH 7.5) containing 0.1 M NaCl and 0.5 mM cobalt chloride. Symbols: , DAPPh2; , DAPPh3. molecular masses of DAPPh2 and DAPPh3 were estimated to be about 330 kDa (Fig. 4) . Hence, it is speculated that both enzymes form an octamer structure under these conditions. For DAPPh2, a small peak was observed at over 400 kDa, but the main peaks for Fig. 3 . Effects of Cobalt and Zinc Ions on the Hydrolytic Activity of DAP toward Ala-Ala-Ala. Enzyme processed with EDTA was used. Hydrolytic activity was measured at 85 C in 50 mM NEM acetate buffer (pH 7.5) containing 0.1 M NaCl. The Co (þ) buffer included 0.5 mM CoCl 2 and the Zn (þ) buffer included 0.5 mM ZnCl 2 . Symbols: , DAPPh2; , DAPPh3. The main peak of each DAP at pH 7.5 was observed at a molecular mass of about 330 kDa. HPLC was performed with 50 mM sodium phosphate (pH 7.5, 6.5, 5.5) and 50 mM sodium acetate (pH 4.0) buffers containing 150 mM NaCl, and monitored with a UV detector at 280 nm. The scale ''-'' indicates an absorbance 0.1 at 280 nm. DAPPh2 and DAPPh3 observed by HPLC were changed by pH. It is suggested that the oligomeric structure is dependent on pH. The peaks corresponding to 330 kDa were decreased by incubating the enzymes at low pH at room temperature and analysis with HPLC. For DAPPh2, the oligomeric structure was changed to a monomer structure. For DAPPh3, the oligomeric structure was changed to other smaller oligomeric (not monomer) structures. The structures of the enzymes at acidic pH were returned to octamer structures by incubating the enzymes at pH 7.5 at room temperature (data not shown). The association and dissociation of the oligomeric structures were observed reversibly. The hydrolytic activities for the smaller oligomeric structure at pH 4.0 were less than 0.05% of those for the octamer structures.
Discussion
In the genome database of Pyrococcus sp., three DAP homologous genes (P. horikoshii, PH0519, PH1527, PH1821; P. furiosus, PF0369, PF1547, PF1861; P. abyssi, PAB0437, PAB2096, PAB2375) have been found. In this study, these genes of P. horikoshii, were identified as those of peptidases exhibiting deblocking aminopeptidase activity, but the physiological roles of the three enzymes in Pyrococcus sp. cells are unknown. From homology analysis of DAPs as between P. horikoshii and P. furiosus, PH0519, PH1527, and PH1821 correspond to PF0369, PF1547, and PF1861 respectively. From the substrate specificity, DAPs appear to be a different type of D-aminopeptidase. 12, 13) From inhibition study with amastatin, DAPs appear to belong to the family aminopeptidase A or leucine aminopeptidase. 14) In the genome database of Methanococcus janaschii, an ORF (MJ0555) homologous to endoglucanase was found to have high homology to DAP (Fig. 1) , but there has been no report on the endoglucanase activity of MJ0555. Except for the case of DAP, there has been no report of aminopeptidase exhibiting deblocking activity in archaea. 15) For these DAPs of P. horikoshii, the substrate specificities and activators (Co and Zn ions) are different. It has been reported that DAPs contain Zn ions and are inhibited by their removal but the activities of some of DAPs were stimulated over 100% by the addition of Co ions, 1, 2) as observed for lysine-specific aminopeptidase (Pf1862) of P. furiosus.
16) It is suggested that the active site of aminopeptidase has both Zn and Co ion binding sites. For Zn ions, additional binding at the active site can inhibit the activity of DAP. Further metal binding studies should be informative as to the enzymes. These enzymes appear to share their roles and to be controlled by certain factors in P. horikoshii cells.
In archaea and eukaryote, proteins are hydrolyzed into oligopeptides through the endopeptidase activity of proteasomes. 17) In the salt-loving archaeon Haloarcula marismortui, a novel energy-independent dodecameric protease complex with a tetrahedral shape has been found. 15) This protease complex appears to play an important role in eliminating small peptides hydrolyzed and released by proteasomes in the cells. It has also been reported that the oligomeric structure of the protease complex is important in eliminating the small peptides in the cells. 15) P. horikoshii also has proteasome proteins 9) and three DAPs. Most DAPs have broad substrate specificity. The deblocking activity of DAP is not very high, but the activity might play an important role in eliminating acyl-peptides. The roles of these enzymes appear to be related to protein maturation and the metabolism of peptides from proteasomes. Also, the pH-dependent change in oligomeric structure appears to control the position of the active site in the oligomeric structures of DAPs. It is not clear why three kinds of DAPs are present in P. horikoshii cells, but they might play a special interactive role in the cells.
